Purpose A haptic algorithm to simulate the interaction between a surgical drill and bone using a constraint-based algorithm has been previously demonstrated. However, there has been no blinded study to determine whether this algorithm is preferred by professionals who commonly use this type of system Methods Fourteen otologic surgeons were presented with a spring-damper model and a constraint-based model of drillbone interaction rendered on a low-cost haptic device with only linear feedback. The participants were blinded as to what algorithm they were using. They then answered survey questions about their opinions of the models. Results The surgeons overwhelmingly preferred the constraint-based model. They generally preferred the constraintbased model in the individual questions as well. Conclusions Follow-up work can be done to fine-tune the parameters in the model, but this study shows that a sophisticated algorithm can make a significant difference even on a low-fidelity haptic device.
Introduction
The mastoidectomy surgical procedure is frequently used to treat disease of the temporal bone. The temporal bone houses critical sensory structures such as the cochlea (hearing) and the semicircular canals (balance), as well as the carotid artery, jugular vein and facial nerve. Also in close proximity to the surgical site is the temporal lobe and cerebellum of the brain. The surgeon uses a hand drill to remove bone surrounding the above structures so they can be identified and preserved, while the pathology is addressed. A high level of skill is required to become proficient in the drilling. The essential skill of removing and thinning bone surrounding the embedded structures is paramount to safe and effective surgery.
Currently, technical skills training of otologic surgeons includes observation in the operating room, review of text and multimedia material, practice in a cadaveric laboratory on human temporal bones and gradual increase in operative experience on live patients under the supervision of an established/expert otologic surgeon. Achieving proficiency requires hours of deliberate practice and considerable clinical experience. Surgical training requires at least 5 years under current methods at a cost of approximately $80,000 per year per resident [1] . Conventional temporal bone laboratories with its related equipment cost over a million dollars to construct and are expensive to maintain [2] . Factors impacting the educational environment such as less time for training (pressure for patient throughput, work hour limitations for trainees), limitations of instructional resources (cadaveric material, access to expert faculty, exposure to hazardous material) and lack of standardized objective assessment tools have created barriers to traditional training paradigms in oto-logic surgery. There is no universally accepted methodology to objectively assess a surgeon's technical skill for certification. This has resulted in a wide variation in technical skill. Lastly, a simulation system to support innovation in surgical technique and pre-surgical rehearsal does not exist, therefore limiting the potential to cultivate and evaluate new surgical strategies. The overall goal of our research program is to provide a computer-based virtual reality system by which otologic surgeons can be trained and assessed with respect to their technical skills and can potentially be used for presurgical rehearsal.
Despite the fact that there are several systems described in the literature, none have reached universal acceptance or have been regularly integrated into training programs especially in the United States [3] . There are several reasons why this has not occurred, but the two main reasons are the need to improve the fidelity of the systems (visual and haptic) and the lack of a uniform, valid and reliable method to assess performance. This work seeks to address the aspect of fidelity and more specifically that of the haptic display (drill/bone interaction) of the system.
The goal of the work presented here is to conduct a rigorous qualitative comparison of two different methods for rendering force feedback in our virtual temporal bone surgery simulator. The first is an ad hoc, but effective force model used previously in our simulator, and similar to that used in other temporal bone surgery simulators [4, 5] and dental drilling simulators [6] . The second is a sophisticated, but more computationally costly constraint-based force model [7] , also employed in another temporal bone surgery simulator [8] .
Previous work
The virtual temporal bone system presented by Wiet et al. and developed at the Ohio State University and Nationwide Children's Hospital under NIH/NIDCD funding provides a virtual environment similar to that provided in a cadaveric temporal bone laboratory [1] . The temporal bone is represented within the system based on CT image data; 40 different bones are available for training. The interface consists of a stereo computer monitor and two haptic (sense of touch) feedback devices. The bone is displayed on the computer screen, and the haptic device and mouse provide a means to make menu selections and rotate the bone in any plane as well as drill emulation. A modulated drill sound is provided for aural feedback. Using the haptic device(s), the user selects a bone, chooses burr type (cutting vs. diamond), burr size, magnification and orients the bone. Depressing a button on the dominant hand haptic device activates burr rotation. The drilling is non-deterministic in the sense that the user may drill anywhere on the bone. A second tool, the suction irrigator used simultaneously in the non dominant hand, is provided to the user and functions as it does in real surgery to clear debris and provide fluid irrigation to cool the burr. The system runs on a Windows-based desktop platform. Figures 1  and 2 show the user interface for the surgical simulation software and the test program used for our current study, respectively. In Fig. 3 , the typical setup for a user of the system is shown. We use the above-mentioned hardware and software system for the present study.
Haptic algorithms
A previously released version of our simulator system used a spring-ball force model [9] . In this model, rays are traced from the center to the perimeter of the drill burr. If part of the drill intersects the volume of the bone, the ray tracing will detect the position of intersection along its length. The distance of the intersection from the center of the burr is treated as the length of compression of a simple spring. Each individual spring applies a force on the burr along the direction of that spring. By summing all the forces from the individual springs, the total force on the burr is determined.
Although simple and computationally inexpensive, this algorithm has several drawbacks. Since the total force is a sum of linear forces, no torque is computed on the burr. Therefore, this is inherently a three-degree-of-freedom algorithm. In addition, the ray tracing can miss voxels in the bone volume. If a voxel is positioned in a way that none of the rays intersect it but it is still inside the burr volume, no repelling force is generated. This can also happen in situations where equal forces are generated from opposite sides of the burr. Since forces are only computed instantaneously, with no information from previous timesteps, it is possible for a user to move the device fast enough to "push" through a thin layer of solid voxels. This leads, in some cases, to the burr getting stuck inside the bone.
A more recent haptic rendering algorithm evaluated in this study is a constraint-based, six-degree-of-freedom haptic interaction model [7] . It is capable of simulating the virtual instruments' motion under multiple contact constraints along the body of the instruments. Both feedback forces and torques are computed, though only lateral forces are displayed through the haptic devices used in this study, since the hardware used lacks the capability for torque display. An extension to that work describes methods to model the physical process of bone excision using for both cutting and diamond burrs, based on theories of orthogonal cutting and abrasive wear studied in machining mechanics [8] . The work presented here evaluates a reimplementation of those algorithms into an existing temporal bone surgery simulation system.
In our present work, we extended the haptic rendering algorithm to support bimanual interaction, for a total of twelve degrees of freedom. This allows the surgeon to control a surgical drill in one hand and a suction irrigator in the other, and appreciate contact forces between either instrument and the bone tissue, or between the instruments themselves.
A unique advantage of this and other constraint-based force computation models is that it is able to enforce nonpenetration constraints between simulated objects. Using this method, the virtual representations of the surgical instruments remain free from intersection with the bone tissue, thus making it impossible to "push through" any of the solid virtual anatomy (though the amount of repelling force is limited by the capabilities of the haptic device). Because this behavior more closely resembles that of the physical processes we are attempting to simulate, we hypothesized that use of this constraint-based force-feedback model would address many of the problems described previously.
Fidelity studies
Increased fidelity of various modes in a virtual simulation has been shown previously to improve the simulation. In driving simulation, Gracio et al. showed that the addition of appropriate motion feedback can increase the performance and acceptance of the user of the simulation system [10] . Harrington et al. [11] showed that increasing visual fidelity had a significant impact on knowledge gained from the use of a virtual environment. Work by Kobayashi et al. [12] , where non-spatialized audio was compared with higher fidelity spatialized audio, determined that the spatialized audio increased both subjective reported feelings of presence in the virtual environment and physiological indicators associated with presence.
In a perception study, Agus et al. [13] showed that their haptic system had sufficient fidelity such that users could distinguish between removal of simulated plastic and simulated bone materials. However, they did not do any evaluation of the fitness of the haptic model for teaching purposes.
Forsslund et al. [14] investigated the differences between 3-DOF and 6-DOF haptic rendering in a more recent and similar study. The 6-DOF haptic rendering algorithm they studied is the same as the one we evaluate in our present work [8] . In their study, medical students, some with clinical experience, performed tasks to touch a number of points in a simulator-like environment without excessive force placed on other objects in the scene. The test was performed using a 3-DOF haptic model, a 6-DOF model with torque output and a 6-DOF model without torque output. Subjects performed the task better and made fewer errors with the 6-DOF algorithm, and performance measures had no significant dif- Fig. 3 Simulator hardware setup. This is a typical setup with two haptic devices held by the user during the virtual surgery session ference between the system with torque output and the system with no torque output. Their findings suggest that use of high-degree-of-freedom haptic rendering in a virtual environment would yield tangible benefit, even when rendering through an under-actuated haptic devices, which encourages our employment of such techniques in our own temporal bone surgery simulator.
Our present study aims to expand of the findings of Forsslund et al. Specifically, we sought to investigate the perceived quality of haptic feedback, as rendered using two very different algorithms previously described, and implicitly compared against the real-world sensations, when performing a real surgical task of bone drilling, rather than tasks similar to a box trainer. Consequently, the participants enrolled in our study were, and needed to be, practicing otologists with experience performing temporal bone surgery.
Methods
A study was designed to compare qualitative perceptions of realism and suitability for training by expert otologic surgeons on two different force-feedback rendering algorithms (Bryan et al. [9] and Chan et al. [7] ) within the temporal bone virtual surgical environment. Software infrastructure that allows study participants to perform the same virtual temporal bone dissection task using each of the haptic algorithms, then answer a comparison survey, was developed specifically for this evaluation.
Survey
A custom survey program was written to gather opinions of the two haptic algorithms. This program uses the simulator system described above. Participants were presented with a temporal bone, blindly assigned one of the two haptic algorithms and asked to perform a basic mastoidectomy. They were then asked to perform a basic mastoidectomy again on the same temporal bone using the other haptic algorithm. The order of presentation of the haptic algorithms was randomized. Questions were asked afterward. For each algorithm (identified in the survey by "A" or "B"), the users were asked the following questions on a five-point ordinal scale with endpoint labeling (1 is labeled "Not at all" and 5 is labeled "Very"):
• How similar was the feeling of bone removal in model X to that of an actual drill? • How suitable is the drilling of model X for teaching surgical techniques? • How well did model X let you feel small bone details?
A binary preference question was also asked: "Which force-feedback model do you prefer, A or B?". In addition, we had four fields for freeform comments: A sample of convenience was utilized for this study due to the specialized skills required. Recruitment for the study was performed through our consortium of thirteen training institutions across the USA using e-mail. These institutions were previously equipped with the appropriate computer hardware to run our present study. All of the subjects are fellowship-trained otologic surgeons actively involved in training resident surgeons in otologic skills and treating patients with a variety of otologic pathology. All of the subjects had experience using an earlier version of our simulator that used the ad hoc force rendering model. The study was approved by the Ohio State University Institutional Review Board for human subjects research.
The simulation platform used consisted of a PC running Microsoft Windows 7, a Nvidia Quadro 5000 graphics card, and two Sensable (now Geomagic) Phantom Omni haptic devices. The Omni device supports lateral forces only and no torques; thus, it is a three-degree-of-freedom force output device and a six-degree-of-freedom input device.
Results and discussion
We had a total of N = 14 respondents to the survey. Substantially, more respondents preferred the constraint-based haptic model (new) to the previous ad hoc force rendering (old) (26 to 2).
Quantitative results
A paired Wilcoxon signed ranks test was performed on the responses to the survey for the three different preference questions. For the question regarding how similar the bone removal felt to the actual drill, the differences between the new and old haptic model were statistically significant, Z = 2.16, p = 0.0308. The differences were significant for the question regarding the suitability of the models for teaching, Z = 4.59, p < 0.001. However, the differences in responses for the question regarding feeling small bone details were not significant, Z = 0.36, p = 0.719.
A view of the distribution of the responses is shown in Fig. 4 . Larger bars to the left represent more negative responses to the questions, while larger bars to the right represent more positive responses. Percentages of responses in the (1,2), (3) and (4, 5) ranges are also displayed. In general, the results support the superiority of the new haptic model. The results are the most decisive on the question of suitability for teaching surgical techniques. For the application of creating a surgical simulation system that trains residents, this is the most important metric to judge a haptic model. Results were not as strong regarding the similarity of the drilling to the actual device. Comparing these results to the previous question leads to a conclusion that there are aspects of the drilling that neither model represents well but that these aspects are not necessarily vitally important for learning surgical techniques. Similarly, the lack of difference between the two models on the question of small bone details could show that these details are not vitally important to the surgery. We asked the participants to perform a basic mastoidectomy-it is possible that with a more advanced technique, such as a facial recess approach, the lack of ability to feel small details would impact the model's suitability for training residents.
For the question regarding the similarity of bone removal to the actual surgery, results tend to support the superiority of the new haptic model. Although the results are not significant, a trend in that direction can be seen. On the question of how suitable the different haptic models are for teaching surgical techniques, the new haptic model is preferred by a 
Qualitative comments
The recorded answers to the freeform comment fields were brief. Two topics that were mentioned by multiple participants are "chatter" and the speed of removal of the drilling. Two participants offered no comments. One person commented only that the two models seemed very similar. Three participants commented negatively on "skitter" or "chatter" for the spring-ball haptic model. This is an artifact from the way the model interacts with the volume, but some surgeons said it replicated some vibrations felt during real drilling. The constraint-based model is more stable and does not have this artifact. A source of both praise and complaint was the relative ease of bone removal with the constraintbased haptic model. This ease, combined with the lack of "jumpy" behavior when drilling rapidly, may contribute to the overall preference for the constraint-based model.
Conclusion
The overall general preference of the users for the constraintbased drill model shows that the experience of users aligns with our intuition about the superiority of that algorithm to the spring-ball model. The increased ability to compute accurate responses to the interaction between tool and bone results in a better user experience, even when the hardware output device used does not support torque feedback. Our work is consistent with those of Forsslund et al. [14] and additionally shows the applicability of those results to a specific, realistic simulation environment.
There are multiple drills available for surgical use, and informal discussion with surgeons reveals that different drills are perceived to have different tactile responses. We did not investigate the individual preferences of the surgeons polled about what types of drills they are most experienced with and what types they prefer when performing surgery. These preferences could possibly be a confounding factor in our analysis.
A future study could be used to tune the bone removal parameters to match the expected behavior of drills and burrs from different manufacturers. By asking each surgeon what drill they are most familiar with and having them adjust the removal aggressiveness to reflect their experience with that drill, we can find a consensus value for each tool. By taking multiple measures from each surgeon, we reduce the overall error and find parameter values that will be realistic for simulating a particular drill, and hopefully increase the amount of skill transfer between the simulator to the use of those drills in a real surgical environment.
This experiment altered only the haptic algorithm: the physical devices were the same in both cases. An important implication of this research is that improving the forcefeedback rendering algorithm of a surgical simulator can deliver real benefits, even on relatively low-cost haptic devices.
